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Thermostable lipaseLipases are well-known enzymes extensively used in industrial biotransformation processes. Besides, their
structural and catalytic characteristics have attracted increasing attention of several industries in the last
years. In this work, we used biophysical and molecular modeling tools to assess structural properties of
Staphylococcus xylosus lipase (SXL). We studied the thermal unfolding of this protein and its zinc-dependent
thermotolerance. We demonstrated that SXL is able to be active and stable at moderate temperatures, but
this feature is only acquired in the presence of Zn2+. Such characteristic indicates SXL as a zinc-dependent
metallolipase.sevier OA license.© 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Lipids constitute a large part of the earth's biomass, and lipolytic
enzymes play an important role in the turnover of thesewater insoluble
compounds [1–3]. The hydrolysis of fat is the primary reaction of lipases
and lipolytic enzymes are involved in breakdown and thus in the
mobilization of lipidswithin cells of individual organismaswell as in the
transfer of lipids from one organism to another [3]. Lipases usually
exhibit a good chemioselectivity, regioselectivity, enantioselectivity and
possess a broad substrate speciﬁcity exhibiting optimum activities over
a wide range of temperatures [1,4]. Lipases also catalyze esteriﬁcation,
transesteriﬁcation, acydolysis, alcoholysis and aminolysis in addition to
the hydrolytic activity on triglycerides [4–6]. Structurally most lipases
are included in theα/β-hydrolase fold, which is characterized by ﬁve to
eight β-strands connected by α-helices to form an α/β/α sandwich. In
most family members the β-strands are parallel [7]. Typically lipases
present a catalytic triad including a serine residue located inside the
conserved region Gly-X-Ser-X-Gly, as well as a histidine residue, which
interacts with an aspartate or glutamate residue [8]. Moreover, in most
lipases, an amphipathic ﬂexible helical lid-domain, which covers the
active site, is supposed to mediate substrate binding [9].
The production of lipases is a general property of staphylococci.
These lipases are expressed as pre-pro-enzymes and have molecular
masses of approximately 70 kDa. After secretion into the medium,
proteolytic processing generates the 40–46 kDa mature lipase form.Many staphylococcal lipases were puriﬁed and characterized bio-
chemically [6,10–13]. It seems that the mature forms of these lipases
present high homology, with identities ranging from 48 to 99%.
Staphylococcus xylosus is a bacterium commonly found in
fermented meat products. Staphylococcus strains are known for
ensuring color stability, preventing lipid oxidation and producing
aromatic compounds due to their lipolytic and proteolytic activities
[14]. Several staphylococcal lipases were puriﬁed and characterized
biochemically [6,10,13].
There are two lipases described for S. xylosus. One was reported by
Mosbah et al. [10] and the other one, similar to AF208229, was
recently characterized by our group [13,15]. The SXL is a moderately
thermostable enzyme that presents high similarity with other
staphylococcal lipases and with substrate speciﬁcity for short-chain
lipids and higher activity on neutral to alkaline pH, and moderate
temperature conditions [13]. It has been reported that some lipases
present metal binding domains and the divalent ions are frequently
found in coordinating sites on the overall structure of these enzymes
[9,16–19]. Most bacterial lipases bind Ca2+ ions andmay play a crucial
role in the stabilization of the three-dimensional structure. As an
example, in the lipase from Burkholderia glumae it was demonstrated
that calcium inﬂuences thermal stability [19,20]. It was also described
that Zn2+ may be involved in structural stability, but its correlation
with catalytic function, mainly in staphylococcal lipases remains
poorly understood [9,16,17,45]. In this work, we used biophysical and
molecular modeling tools to assess structural properties of S. xylosus
lipase SXL. We studied the thermal unfolding of this protein and its
zinc-dependent thermotolerance and activity. We demonstrate that
SXL thermal stability is modulated by Zn2+ ions.
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2.1. Structural modeling
The bioinformatics analysis of the SXL was done using the
following tools. Multiple sequence alignment was performed using
the ClustalW algorithm [21]. The amino acid sequences were
compared with the non-redundant sequence databases deposited at
the NCBI (National Center for Biotechnology Information, USA) using
the BLAST algorithm [22]. The molecular modeling was carried out
using the software Swiss PDB Viewer [23] based on 2HIH PDB
structure from Staphylococcus hyicus. The 2HIH structure was the best
hit found using BLAST analysis against Protein Data Bank with 56%
identity and was also automatically selected by the Swiss Modeler
[23–25]. The zinc and calcium binding sites were energy minimized
using Gromos96 force ﬁeld implemented in Swiss PDB viewer. All
structural quality checks were obtained by Swiss Modeler and also
uponmanual inspections of the Ramachandran plot. The ﬁnal ﬁgure of
SXL 3D model was obtained by PyMOL [26].
2.2. Cloning, expression and puriﬁcation
Escherichia coli strain DH5α was used as a host for gene cloning
and plasmid propagation, and strain BL21 (DE3) pLysS for protein
expression. HisTrap afﬁnity column connected to an ÄKTA HPLC
system (GE Healthcare) was used for puriﬁcation as described
previously [13]. After puriﬁcation a stock solution of the recombinant
lipase (3 mg/ml) was incubated with 100 μM ZnSO4 for reconstitution
for 1 h at 37 °C (described as holoSXL).
2.3. Production of apoSXL
After puriﬁcation a second solution of the recombinant lipase
(1.75 mg/ml) was dialyzed against a buffer (50 mM NaH2PO4,
300 mM NaCl, pH 8.0) containing 10 mM EDTA at 8 °C for 48 h using a
dialysismembrane D92277 (Sigma-Aldrich, Saint Louis, USA). EDTA is a
recognized chelator with high speciﬁcity for divalent ions. Thus, in a
second step the same protein solution was dialyzed in the same buffer
without EDTA to prevent its effects on enzymatic and structural assays.
In this step protein was named ‘apoSXL.’ For reconstitution, apoSXL
solution was incubated with 100 μM ZnSO4 or 100 μM CaCl2 for 1 h at
37 °C, and named ‘apoSXLrec’ (rec=reconstituted).
2.4. Activity measurements
The lipase activity was measured spectrophotometrically at 20 °C,
25 °C, 37 °C, 42 °C, 50 °C, 60 °C or 70 °C after an optimization of the
activity measurement protocol combining the best reaction condi-
tions as previously established by us [13]. Production of p-nitrophenol
as a result of p-nitrophenyl-butyrate hydrolysis was continuously
monitored at 410 nm for 3 min in a ﬁnal volume of 300 μl, using a
spectrophotometer equipped with a Peltier temperature control unit
(Amersham Ultrospec Pro 2100). HoloSXL, apoSXL and apoSXLrec
were concentrated to 10 μM and used to assay lipolytic activity. One
unit of lipase was deﬁned as the amount of enzyme that released
1 nmol of p-nitrophenol per minute.
2.5. Structural analysis
The three forms of SXL were dialyzed against buffer (20 mM
NaH2PO4, 20 mM NaCl, pH 7.4). The spectroscopic analysis was
performed in a JASCO J-815 spectropolarimeter equipped with a
Peltier temperature control unit and a ﬂuorescence detection unit. The
measurements of circular dichroism was carried out in a 0.2 cm
pathlength cuvette (50 nm/min scan speed, response time 2 s, band
width 2 nm, data pitch 0.1 nm/s) with an average of 5 scans for eachspectrum in a wavelength range from 195 nm to 280 nm. The CD
signal at 222 nm was also used as standard for calculations of
secondary structures [27]. The measurements of ﬂuorescence was
carried out in 1 cm cuvette using 295 nm as excitation wavelength
and scanning the ﬂuorescence emission over the range from 300 nm
to 400 nm.
2.5.1. Melting experiments
The thermal unfolding accompanied by circular dichroism was
performed by increasing the temperature of the cuvette, containing
the holo, apo and reconstituted apo forms with metals separately,
from 10 °C to 70 °C. Spectra were collected following temperature
increases (slope of 2.5 °C/min). The calculations were performed
according to Eq. 1 followed by Eq. 2:
fu = θ½ 222− θ½ N
 
= θ½ U− θ½ N
 
17½  ð1Þ
where [θ]222 is the mean residue molar ellipticity at 222 nm wave-
length expressed as (degree cm2 dmol−1) and provided by Eq. 2 and
[θ]N and [θ]U are the mean residue molar ellipticities of the native and
denaturated states, respectively.
θ½  = θ × 100 × Mð Þ= C × l × nð Þ ð2Þ
where θ is the ellipticity in degrees, l is the optical path in cm, C is the
concentration of sample in mg/ml, M is the molecular mass and n is
the number of residues in the protein.
3. Results and discussion
3.1. SXL sequence and 3D model analysis
A comparison of SXL amino acid sequence with non-redundant
sequence databases was performed using the BLAST algorithm, and a
multiple alignment was performed using ClustalW [22]. Fig. 1 shows
the alignment against other lipases with reported crystallographic
structures. The ﬁrst one is the best hit found in PDB from S. hyicus and
shares high identity (56%) with SXL. The second one, from Bacillus
stearothermophilus, is an example of the lower identity sequences
group found using BLAST analysis (39% identity).
The catalytic site is totally conserved between several sequences
analyzed. Most staphylococcal lipases are homologues showing high
similarity, and these proteins diverged from a common ancestor into a
number of hydrolytic enzymes with a wide range of substrate
speciﬁcities, together with other proteins with no recognized catalytic
activity. In addition, the catalytic triad of SXL is located in loops, one of
which, the nucleophile elbow, is the most conserved feature of the
fold and occurs in most members of this family [28–30].
Particularly in the lipase from S. hyicus, the residues Lys295,
Glu292, Thr294 and Ser356 are important for the phospholipid
activity and the Lys residue has hydrogen bond interactions with the
phospholipid [9]. In SXL the Lys and Glu positions are occupied by Phe
residues that are not able to form the hydrogen bond network
reported in the S. hyicus structure. This is an interesting feature of SXL
and these aromatic residues may inﬂuence the ligand binding and
speciﬁcity.
The structural model built for SXL (Fig. 2A), using the best hit PDB
S. hyicus lipase (2HIH) as a template, shows two conserved metal
binding sites. One of them is suggested to bind zinc ion, coordinated
by the residues Asp63, His83, His89, and Asp235 (Fig. 2B). These
residues are highly conserved between the reported lipase structures
from S. hyicus and B. stearothermophilus, and are located far from the
catalytic triad Ser115, His345, Asp306 ruling out the direct involvement
of zinc on the lipolytic activity. According to previous crystallographic
studies [9,16], the other metal coordination site binds calcium, and
probably this site is also present in SXL lipase involving the residues
Fig. 1. Sequence alignment of Staphylococcus xylosus lipase (SXL) against homologous lipases SHL (2HIH) from Staphylococcus hyicus and BSP (1JI3) from Bacillus stearothermophilus.
In highlighted blue, the residues from the catalytic triad; in green, residues responsible for zinc ion coordination, and in red, those involved in calcium coordination. In magenta, the
residue positions reported to be responsible for the hydrogen bond network with phospholipids in SHL [9]. The secondary structure elements predicted for SXL are presented above
the sequences and the identity level obtained by Blastp analysis is shown. The alignment was generated by Clustal 2.1 software [21].
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lipases the calcium binding site is structurally conserved, even in
other genera as inB. glumaewhich calciumcoordinates Asp241, Asp287,
Gln291 and Val297 [20]. Nevertheless, the calcium binding site
may occupy different positions. An example is the BSP (1JI3) from B. /
INS; stearothermophilus, which involves the residues Glu360, Gly286,
Pro366 and Asp365 (Fig. 1). It is important to note that the calcium
binding site is most probably located at the C-terminus of SXL, but
frequently the N- and C-terminal regions of proteins are more ﬂexible
and may avoid, in this case, the possibility of stable calcium
coordination. In SHL,which binds calcium, the C-terminus of the protein
has an α-helix [9] that may be important for the stabilization of the
calcium site. Our results suggest that calcium does not inﬂuence the
structure stability of SXL.
3.2. The holo and apo SXL lipolytic activity
Although there are some reports on biochemical characterization
of S. xylosus lipases [6,10,12,14] little is known about how metal ions
affect their structural and enzymatic properties. In this work we
describe how zinc ions can modulate the structure of the S. xylosus
lipase SXL. The S. xylosus lipase presents a maximum activity of54.61 U mg−1 at 50 °C (Fig. 3). However, we observe activity even at
higher temperatures (60 °C and 70 °C). These results were obtained
after Zn2+ supplementation of the puriﬁed enzyme, which provided a
5.5-fold enhancement of lipolytic activity at 42 °C, when compared to
our previous work [13]. Additionally, the holoSXL form after Zn2+
treatment is also capable to refold and retain full activity after 15 min
incubation at 95 °C (Supplementary ﬁg. S1). The lipase from S. xylosus
(AF701336), described by Mosbah et al. [10,11,31], presented an
optimal activity at 45 °C and was able to maintain only 50% of its
activity after 15 min incubation at 60 °C. To evaluate the contribution
of metal ions on lipase activity we performed experiments with the
apo form of SXL. The holo form was dialyzed against a buffer con-
taining EDTA and then recovered in the presence of zinc ions. It was
evident that the apoform of SXL (apoSXL) exhibited a drastic
reduction on activity, compared to the holoSXL. It is important to
note that at lower temperature (20 °C) the activity is equivalent
between the holo, apo, and apo treated with Zn (apoSXLrec)
indicating that Zn2+ is important to stabilize the SXL fold at higher
temperatures, but does not inﬂuence the catalytic activity directly.
Many biotechnological processes require the presence in the
reaction media of certain ions that could act as modiﬁers of the
enzyme activity, and metalloenzymes or metal tolerant proteins play
Fig. 2. Structural model of lipase SXL built against 2HIH PDB. In panel A, the overall aspects of α/β lipase monomer fold with the helices predicted to form the lid domain (in blue) in
the open conformation. The two metal binding sites for zinc (in green) and calcium (in red) were identiﬁed in the SXL structural model and the catalytic triad amino acids were
colored in blue. In panel B, a close-up view of zinc-coordination environment is shown in stick representation involving the residues His83, His89, Asp235 and Asp63. The ﬁgure was
generated using PyMOL (http://www.pymol.org).
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been reported to be stimulated by Zn2+ ions [33–38] as well as
inhibited [39–42]. Moreover, it has been suggested that the effect of
metal ions could be attributed to a change in the solubility and
behavior of the substrate and also to a change in the catalytic
properties of the enzyme itself [43]. In contrast, in S. xylosus lipase,
there is no evidence of Zn2+ ion involvement in the catalytic process,
and indeed, the SXL structural model shows that Zn2+ ion and theFig. 3. Enzymatic activity of SXL assayed at different temperatures and conditions.
Activity assay was carried out with 500 μM p-nitrophenyl-butyrate as substrate in
50 mM Tris–HCl buffer (pH 8.0) using protein concentrated to 10 μM. HoloSXL:
Staphylococcus xylosus lipase after afﬁnity puriﬁcation, apoSXL: S. xylosus lipase in the
presence of 10 mM EDTA, apoSXLrec: S. xylosus lipase reconstituted with 100 μMZnSO4
for 1 h at 37 °C after EDTA treatment. Results are expressed as mean±SE of 3
independent experiments, (*) p≤0.05, (**) p≤0.01.catalytic residues are separated by at least 18.8 Å, a distance that may
preclude a direct effect of Zn2+ in the catalytic pocket of SXL.
3.3. The Zn2+ ion is involved on structural stability
In order to investigate inﬂuence of metal ions on the structure of
SXL, we performed experiments using CD and ﬂuorescence analyses
in the presence and absence of Zn2+ and Ca2+ metal ions. As
previously described [13,15] SXL exhibits a typical α-helical second-
ary structure proﬁle with minimal peaks at 208 nm and 222 nm [27].
The deconvoluted spectrum obtained by CDSSTR analysis [44] with
the holoSXL suggests a mix content of α-helical (37%) and β-sheet
(21%) secondary structures, in agreement with proteins belonging to
the α/β-hydrolase fold [7], and with the SXL model (30% α-helices
and 16% β-sheets; Fig. 2).
We evaluated the effect of Zn2+ on the overall structure of SXL
through CD and ﬂuorescence analyses at 20 °C, 25 °C, 37 °C, 42 °C, and
50 °C. Fig. 4A shows the circular dichroism analysis, and we note that
holoSXL does not display large changes in the overall structure from
15 °C to 42 °C when compared with the apoSXL, where a disordered
spectra is clearly detected [27] at 42 °C (Fig. 4B). Interestingly, when
we analyze the secondary structural content of the apo-form, we
calculated 10% less α-helices even at lower temperatures, which
indicates that the metal ions are important for the SXL fold. The
ﬂuorescence data at 20 or 25 °C also agrees with a less structured
protein in the apo form (see Supplementary ﬁg. 2A) with a red shift of
tryptophan maximum emission from 336 to 344 nm, and higher
emission intensity in the apoSXL. Tryptophan residues are distributed
throughout the protein, and as observed in Fig. 1, Trp208 is at 5.7 Å
from the Zn2+ ion (Supplementary ﬁg. 2B). In this sense, the average
of the ﬂuorescence signal may reﬂect the solvent exposure of Trp
residues observed in the apo form, and may also be correlated to the
Trp208 contribution. We can hypothesize that the presence of Zn2+
Fig. 4. Circular dichroism of holo and apo Staphylococcus xylosus lipase at different temperatures and metal conditions. The proteins were concentrated to 4 μM in buffer containing
20 mM NaH2PO4, 20 mM NaCl, pH 8.0. The apoform of SXL was reconstituted with 100 μM ZnSO4 (apoSXLrec+Zn2+) or 100 μM CaCl2 (apoSXLrec+Ca2+). The spectra were
acquired in a 0.2 cm pathlength cuvette at continuous speed scanning (50 nm/min) using a JASCO J815 spectropolarimeter equipped with a Peltier temperature control unit. The
overall spectra represent the average of ﬁve scans per sample per temperature.
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coordinating residues D63 and H83 are respectively located, and
this may contribute to the higher α-helical content of the holoSXL.
These helices probably are also less affected during the unfolding
process of the holo form.
The CD spectra obtained for apoSXLrec (Fig. 4C) revealed a similar
behavior to that of holoSXL with minimal peaks at 208 nm and
222 nm very consistent with the observed recovery of the enzyme
activity and structure upon Zn2+ addition. On the other hand, the
apoSXL supplemented with Ca2+ presents a different behavior, with a
disordered structure at 42 °C similar to the apoSXL (Fig. 4D). These
results were further conﬁrmed by ﬂuorescence analyses. The
ﬂuorescence spectra obtained for apoSXL (Fig. 5B) agree with its CD
spectra (dotted line), since it was observed a signiﬁcant shift on
maximum emission spectra of tryptophans (352 nm) suggesting a
quite drastic structural change, which increased the solvent exposure
of tryptophans. After Zn2+ addition (Fig. 5C) the red shift of maximum
emission spectra of tryptophans, previously observed for apoSXL, was
not detected in apoSXLrec, and the obtained spectra were similar to
holoSXL (Fig. 5A).In addition, the SXL Tm value was analyzed by CD monitoring the
222 nm peak over temperature. The Tm for apoSXL (Fig. 6, squares)
was 11.0 °C lower than that detected for holoSXL (51.9 °C) indicating
that the apoSXL is more susceptible to thermal denaturation. After
apoSXL reconstitution with Zn2+ (Fig. 6, circles), the susceptibility to
temperature diminished, and the Tm value for apoSXLrec was similar
to holoSXL (55.2 °C). However, upon Ca2+ addition to apoSXL, the Tm
valuewas 43.5 °C, which suggests that only Zn2+ is responsible for the
fold stability at higher temperatures, although we could not rule out
the possibility that Ca2+ ions are not accessible to EDTA, as reported
previously [20]. As observed in the crystal structure of S. hyicus lipase,
the Zn2+- and Ca2+-binding domains are present. In this case the
metal ions are important for structural stabilization and activity
maintenance [9]. Carrasco-López et al. [18] also described that these
ions contribute for the secondary elements ﬂexibility in the tertiary
structure of the protein, promoting speciﬁc H-bonds interactions and
rearrangements which promote the more stable active state at higher
temperatures. In Geobacillus stearothermophilus lipase, which also
contains a zinc binding site, themetal ion is also implicated in thermal
stability at elevated temperatures. This thermophilic protein presents
Fig. 5. Fluorescence spectra of Staphylococcus xylosus lipase. (Panel A) holoSXL;
solid line 37 °C, dashed line 50 °C. (Panel B) apoSXL; solid line 37 °C, dashed line 50 °C.
(Panel C) apoSXLrec; solid line 37 °C, dashed line 50 °C. Spectra were collected in a 1-cm
pathlength quartz cuvette using an excitation wavelength of 295 nm and protein
concentrated to 10 μM.
Fig. 6. Boltzmann sigmoidal plot of thermal unfolding of Staphylococcus xylosus lipase.
The decrease in circular dichroism signal at 222 nm was measured. Data points were
collected over a slope of 2.5 °C/min.
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enzyme elevates the Tm value from 51.1 to 69.3 °C [17]. In SXL the
addition of calcium ions to the apo-form does not affect the protein
thermal resistance. This may be due to the fact that SXL does not bind
Ca2+ or it is also possible that the Ca2+ binding site has no inﬂuence inthe SXL structural folding. In another lipase from S. xylosus described
by Mosbah et al. [10], Ca2+ was not required to trigger the activity
when using tributyrin or emulsiﬁed olive oil as substrate.
Taken together, these results underline the need of the divalent
cation Zn2+ for structural stability of SXL. Although some reports
highlighted the structural role of Zn2+ and its involvement on lipase
activity, the Zn2+ ion in SXL seems to be involved only in its structural
stability. As described by Karjiban et al. [45] one speciﬁc feature of any
lipase is the shielding of its catalytic site by a lid controlling the access of
the substrate. In B. stearothermophilus lipase L1 themovement of the lid
domain seems required to adopt an active conformation and the zinc-
coordinated domain appears to control the lipase activation through
interactionswith the loop connected to thehelical lid [45]. Suchbehavior
is also found in Staphylococcus simulans lipase. By stabilizing some
speciﬁc helix, the zinc ion therefore seems to be involved in the enzyme
stability and activity. Furthermore, the region of the zinc-binding site
makes tight contacts with a long loop between helical elements that are
extended from the C-terminus of the putative lid helix [46]. In addition,
these tight interactions at the C-terminus are also involved in
thermostability of several lipases including Staphylococcal lipases [47].
In the SXL model we suggest the presence of two helices which
form the lid for the ligand (see Fig. 2) reported in the SHL structure
(2HIH) [9]. The residue Asp235, which coordinates Zn2+ ion is located
in a loop close to the lid helix 9. Taking this into account, we might
speculate that at higher temperatures, the Zn2+ ion could be involved
in the maintenance of the lid helices in an adequate position for the
ligand accessibility. Further experiments will be necessary to clarify
the importance of Zn2+ on SXL lipase activity; indeed our results are
important evidences indicating Zn2+ as a cofactor necessary for the
proper folding and stability of the enzyme.
4. Conclusion
These results are the ﬁrst insight on structural characterization of
S. xylosus lipase and reveal the involvement of Zn2+ ion in the structural
stability of this enzyme. These data also demonstrate that SXL is a
moderate thermostable lipase showing residual activities over a wide
range of temperatures. Besides, its thermostable proﬁle is strongly zinc-
dependent and may be interesting in an industrial environment.
Supplementarymaterials related to this article can be found online
at doi: 10.1016/j.bbapap.2011.04.020.
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